Deep penetration calculations were performed using the intra-nuclear-cascade-evaporation Monte Carlo code, HETC-KFA2, and a one-dimensional Sn code, ANISN, combined with a DLC119/HIL086 multi-group cross section library to compare a shielding experiment at ISIS. In this experiment the reaction rates of 12 C(n,2n) in graphite activation detectors have been measured outside the bulk shield, that is 284-cm thick iron and 94-cmthick concrete, and also outside 119-cm diameter additional shields of 20-120cm thick concrete and 10-60cm thick iron which were newly added to the bulk shield.
I. Introduction
Neutron deep penetration experiments by a Japanese shielding group have been carried out since 1992 at an intense spallation neutron source facility (ISIS) of Rutherford Appleton Laboratory (RAL) (1 l ( 2 )( 3 ). In the ISIS target station, a thick tantalum target is irradiated by 800 Me V protons at an intensity of up to 200µA to supply spallation neutrons. A series of the experiments were performed at the top surface of the bulk shield (shield top) just above the target to measure deep penetration neutrons through the transverse shield of 284-cm thick iron and 97-cm thick concrete. During the latest experiment in 1998( 3 ), 12 C(n,2n) reaction rates outside the additionally equipped iron and concrete shields were measured using a graphite activation detector, and attenuation profiles of high energy neutrons produced by 800 MeV protons were obtained.
In this work, attenuations of high energy neutron through concrete and iron shields are investigated. The results of calculations with an intra-nuclear-cascadeevaporation Monte Carlo code, HETC-KFA2( 4 ) and a one-dimensional Sn code, ANISN( 5 l are compared with the experimental data obtained at ISIS. The 
II. Calculation of particle production
The secondary particle production from a tantalum (Ta) target and the particle transmission through the target assembly were calculated with the HETC-KFA2 Monte Carlo code. ( 4 ) The assembly consists of the target, a target container, ambient temperature moderators and reflectors. The target of 296.5-mm effective thickness is made of 20 pieces of 9-cm diameter tantalum disks, and heavy water (D2 0) coolant flows through 1.75-mm gaps between the disks. The target container is made of stainless steel, and many water paths are arranged in it for heavy water coolant circulation to the target. The reflector consists of many beryllium rods of 27-mm diameter of total weight 247 kg, and the heavy water coolant flows in the gaps between them. Ambient temperature moderators of liquid methane and light water are installed above and below the target, respectively, and they were, however, ignored in the calculation since their volumes are relatively small.
In the calculation, a simple cylindrical geometry of three strata having the same center axis was employed, and the strata consist of a cylindrical Ta target of 90-mm diameter by 338.5-mm long, a target container of 182-mm diameter by 430-mm long, and a reflector of 542-mm diameter by 790.5-mm long in order from the center. The heterogeneous structure including heavy water in each stratum was homogeneously approximated so as to conserve the number of atoms and the average atomic density for representative materials.
800 MeV protons were injected into the Ta target bottom surface, and an angular and energy distribution of neutron leakage from the outer surface of cylindrical assembly were estimated above 15 Me V neutron energy, and are shown in Fig. l . The result for the angular interval of 85-95 degree was used for the following deep penetration calculations.
III. Deep penetration calculation
Calculation geometry
A cross sectional view of the target station at ISIS is shown in Fig.1 of Ref (3) . The transverse shield structure of the shielding plug, which is located in the upward direction from the Ta target, is illustrated at the top of Fig. 2 . Above a 130-cm thick void which represents the inside of the target vessel, the 284-cm thick iron (7.35 g/cm 3 ) and 97-cm thick concrete (2.3 g/cm 3 ) are installed as a bulk shield, and a 6-cm thick iron vacuum plate is fixed above the bulk shield.
In the experiment of 1998, the 4-cm thick iron support plate was newly equipped in the shield top to fix an iron shield for background neutron reduction (iron igloo). The shield top surface is, therefore, 528-cm high from the target position. Upon the iron support plate, 119-cm diameter additional shields of concrete (2.33 g/cm 3 ) of up to 120-cm thickness or iron (7.8 g/cm 3 ) of up to 60-cm thickness were installed to measure the neutron attenuation in the experiment.
ANISN calculation
Neutron and photon transport calculation was carried out with a one-dimensional Sn code, ANISN.( 5 ) Spherical geometry was adopted and the DLC119/HIL086 multigroup cross section data library( 5 ) was used in the calculation. The leakage neutron spectra from the Ta target assembly mentioned in section II was used as a source neutron spectrum, and energy distribution of neutrons inside and outside the bulk shield were calculated down to thermal energy.
HETC-KFA2 Multi-layer calculation
Multi-layer calculation was carried out with the HETC-KFA2 Monte Carlo code( 4 ) for neutron deep penetration in an energy range above 15 MeV. As shown in the Fig. 2(a) ,-..,(d), a shield geometry was divided into approximately 100-cm-thick slabs, and a step-by-step calculation was carried out for good statistics.
The energy spectrum of leakage neutrons at 85-95 degree from the target assembly was used for the source neutron which impinged on the center of the bottom surface of the first iron slab as shown in Fig. 2(a) . Angular and energy distributions of neutron, proton and pion leakage were estimated by a surface current detector which was defined in a whole plane of 10-m diameter at 100-cm depth. In a next slab calculation, the leakage distribution of previous calculation was used as a point source at the center of the slab as shown in Fig. 2(b) . The regions of 20-cm thickness behind the source position and beyond estimation plane were taken into account in the geometry of every calculation step to consider back scatterings. Surface crossing detectorscwere also defined inside the slabs in about 10-cm steps in order to estimate the energy dependent neutron flux distribution. This muti-layer calculation is equivalent to a calculation with a plane source and infinite slab, and all flux distributions were, therefore, divided by the square of the distance from the target in order to obtain the result for a point source at the target position.
The leakage distribution at the last step shown in Fig. 2( d) was used for the next step calculations with additional shield of 100-cm thick iron or 150-cm thick concrete.
Dose equivalent and 12 C(n,2n) reaction rate
Dose equivalent, its components and 12 C(n,2n) reaction rate were estimated with the calculated energy distribution of neutron flux. The ICRP51 flux to dose conversion factor was used for dose estimation. The cross section data of 12 C(n,2n) which is based on the experimental cross section data( 7 )( 3 ) was used for estimation of reaction rate. The 12 C(n,2n) reaction has a threshold at about 20 Me V and has an approximately constant value of 0.022 barn above 40 MeV.
IV. Results and Discussions

Calculated attenuation of neutron flux and
dose equivalent Fig. 3 shows energy distributions of neutron flux inside and outside the bulk shield as calculated by ANISN and HETC-KFA2 codes. Fig. 4 shows attenuation profiles of dose equivalent and its component of gamma, neutron and high energy neutron dose, and 12 C(n,2n) 11 C reaction rate estimated with the energy spectra calculated with ANISN. Here, the high energy neutron dose is given by considering neutrons in an energy range above 20 MeV. ( 8 ) Since the source neutron spectrum was obtained only above 15 Me V, the energy spectrum calculated by ANISN strongly dipped just below 15 Me V in the void region at 100-cm distance. The low energy neutrons from the target assembly, however, contribute negligibly to that behind thick shield because low energy neutrons, especially below a few hundred keV, increase quickly due to inelastic scattering of high energy neutrons in the iron shield region. The energy spectra have already equilibrated at the depth between 300-cm and 400-cm as seen in the spectrum shapes in Fig. 3 and also in the exponentially attenuation of total dose in Fig. 4 .
On the other hand, since low energy neutrons are absorbed in the concrete region, it can be seen that the Fig. 4 Attenuation profiles through the bulk shield of dose equivalent, its components (gamma, neutron, high energy neutron) and 12 C(n,2n) reaction rate which were estimated with the energy spectra calculated with ANISN.
energy spectrum is coming close to 1/E shape at 450-cm depth and that the dose equivalent decreases quickly in the region. From Fig. 4 , it can be said that the high energy neutron dose and the 12 C(n,2n) reaction rate are attenuated exponetially almost independent of the depth of material, and that these two attenuation profiles are quite similar. Hence, the attenuation length of high energy neutron can be estimated from that of 12 C(n,2n) reaction rate.
Calculated attenuation length
The upper figure of Fig. 5 shows the calculated attenuation profiles of 12 C(n,2n) reaction rate through the bulk shield and the additional shield, and the lower figure of Fig. 5 shows attenuation lengths estimated from calculation results in narrow depth ranges. In the iron region of the bulk shield, almost constant attenuation lengths can be seen beyond 250 cm for both calculations. Although a little statistical fluctuation can be seen in the results of HETC-KFA2, an approximately 7% larger attenuation length than that of ANISN was obtained. On the other hand, attenuation lengths of the two calculations in the concrete region agree well. In the region where the values are almost constant in the lower figure of Fig. 5 , the calculated attenuation lengths of the materials were finally estimated and are tabulated in Table 1. 3. Comparison between measurement and calculation In the upper figure of Fig. 5 , measured attenuation profiles of reaction rate( 3 ) in additional shield region are compared with those of calculations, and comparisons of the values at the shield top are tabulated in Table 2 . The calculated results largely underestimated the measurement by one order or more. Most of these discrepanies are due to the inaccuracy of deep penetration transport calculations since the secondary particle production in the target is generally calculated in a good accuracy by the HETC-KFA2 code in this energy range.( 9 ) Slight discrepancies in material densities and cross section data used in the calculations are considered to affect significantly the neutron flux after the deep penetration.
Moreover, although calculated results show attenuation in inverse square of distance from the target (1/r 2 ) in the case without any additional shield, almost flat distribution can be seen in the measured attenuation profiles as shown in Fig. 6 . Hence, the experimental attenuation lengths have been directly estimated from the measured attenuation profiles without corrections with an assumption of a plain source. ( 3 ) That indicates that the neutron field around the shield top can hardly be reproduced well by the calculations with the simple transverse shielding geometry, and that streaming through small voids, gaps and ducts inside the target station considerably contributes to the neutron field in the shield top.
The reaction rates on the additional shields were, therefore, calculated with a plain source and a slab ge- fig.) , and attenuation lengths estimated from calculation results in narrow regions (lower fig.) . ometry using a neutron energy spectra at the shield top obtained by the deep penetration calculations. The results are compared with the measured data as shown in Fig. 6 . Although the calculated reaction rates still underestimated the measurement in a few% up to about 50%, the calculated values on the iron additional shield agree with the measurement within the exprimental errors. As given in Table 1 , the attenuation length estimated from the calculation results are 17% and 7,..., 12% less than that from the measurement for concrete and iron, respectively.
Neutron Source : Plain source of shield top spectrum 12 C(n,2n) Reaction Rate Fig. 6 Attenuation profiles of measured 12 C(n,2n) reaction rates through the additional concrete and iron shields equipped upon the shield top compared with the calculations using a plain source and a slab geometry by ANISN and HETC-KFA2 codes. The values at the shield top were normalized to the measured value.
V. Conclusion
Deep penetration calculations using a simple transverse shielding structure were performed with the intranuclear-cascade-evaporation Monte Carlo code, HETC-KFA2, and the one-dimensional Sn code, ANISN. The calculations were compared with the deep penetration experiment at ISIS facility using 800-MeV proton on tantalum target assembly shielded by 284-cm-thick iron and 97-cm-thick concrete, and additionally equipped 120-cmthick concrete or 60-cm-thick iron. 12 C(n,2n) 11 C reaction rate were employed to esimate a high energy neutron flux and its attenuation length. The calculations with HETC-KFA2 and ANISN gave large underestimations of the measured reaction rate by about one order and 1/30, respectively, and also gave underestimation of the measured attenuation lengths by 17% for concrete and 7%,..., 12% for iron. We conclude that deep penetration calculation with a simple transverse shield structure without surrounded geometric complexity gives a significant underestimation.
